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Abstract—The Tropospheric Trace Species Sensing Fabry-Perot
Interferometer (TTSS-FPI) is a NASA Instrument Incubator
Program (IIP) project for risk mitigation of enabli ng concepts
and technology applicable to future Science MissioBirectorate
(SMD) atmospheric chemistry measurements. While thdesired
implementation  for future  science missions is
geostationary-based measurement of tropospheric oze and
other trace species, an airborne sensor has been ve®ped
within 1IP to demonstrate the instrument concept amn enabling
technologies that are also applicable to space-base
configurations. The concept is centered about anmaging
Fabry-Perot interferometer (FPI) observing a narrow spectral
interval within the strong 9.6 micron ozone infrared band with a
spectral resolution ~0.07 cm. This concept is also applicable to
and could simplify designs associated with atmosptie
chemistry sensors targeting other trace species (v typically
require spectral resolutions in the range of 0.01 6.1 cni'), since
such an FPI approach could be implemented for thosspectral
bands requiring the highest spectral resolution andhus simplify
overall design complexity. The measurement and itrsment
concepts, enabling technologies, approach followedfor
development and demonstration within 1IP, and a surmary of
progress-to-date will all be reported; emphasis Wlibe placed on
recent laboratory testing and characterization resis.

a

I. | NTRODUCTION

Measurement of tropospheric chemistry is identiféesd
one of the key areas to be included in Earth seienissions
of the 21st century in the NASA Science MissioneDiprate

most important gas phase trace constituents in the
troposphere. Its importance stems from four ma&soes: 1)
ozone is a key oxidant in tropospheric photochamisizone
photolysis is one of the principal sources of tharbxyl
radical (OH), which is the most important radicplesies
associated with the photochemical degradation
anthropogenic and biogenic hydrocarbons; 2) exmgogar
enhanced levels of tropospheric ozone [1]-[2] nieght
impacts health, crops, and vegetation; ozone igoresble
for acute and chronic health problems in humans and
contributes toward destruction of plant and animal
populations; 3) as a greenhouse gas it contribttesrd
radiative forcing and climate change; and 4) letalge been
increasing and will continue to do so as conceotmat of
precursor gases (oxides of nitrogen, methane, ahéro
hydrocarbons) necessary for the photochemical foomaf
tropospheric @ continue to rise. Space-based detection of
tropospheric ozone is critical for enhancing sdfent
understanding and lessening impacts of exposuetet@mted
concentrations. Such a global measurement catyalisli
needed since ozone is spatially heterogeneous tdnen-
uniform sources/sinks and transport) and high seaeé not
unique to urban areas, as is evidenced by enhanced
tropospheric @ being observed over the south tropical
Atlantic Ocean. The objective of the TroposphéFiace
Species Sensing Fabry-Perot Interferometer (TTS$-FP
within NASA’s Instrument Incubator Program (lIP) asvto
develop and demonstrate a prototype sensor fondunisk
mitigation of an advanced atmospheric remote sensor
intended for geostationary-based measurement  of

of

(SMD) Strategic Enterprise and Science ResearcihsPlatropospheric ozone and other trace species, whgHifectly

While many species are fundamental to enabling spimeric
chemical processes, ozone is clearly recognizezhaf the

within the SMD Atmospheric Ozone and chemistry
measurement themes.



Il. Technical Approach

Doppler), and describes the spectral line broaderis a
function of atmospheric altitude. In the high owlpressure
limits, the Voigt profile approaches the Lorentz @oppler

Observations of tropospheric trace species face twmofiles, respectively, which explains the basig fhis

fundamental challenges: 1) the need for sufficispatial
resolution to identify the spatial distribution arhogeneities
of constituents that result from non-uniform sosfsiks
and atmospheric transport, and 2) the need for uadeq
temporal resolution to resolve daytime and diukaalations.

measurement concept: tropospheric information cdnie

the measured signals can be maximized by spectrally

isolating wings of strong ozone lines, since windgsstrong
lines are due primarily to pressure broadening he t
troposphere.

Both of these requirements are ideally fulflled by B. |nstrument Concept

observation from geostationary orbit. While diffietial
absorption lidar and other active sounding systepeyating
from low Earth orbit could permit high vertical odstion,
they would only provide relatively sparse horizérgpatial
sampling. The Tropospheric Emission Spectromet&S{T
instrument on the EOS-Aura satellite is providimg ffirst
global data set on distribution of tropospheric reezo
However, the EOS Request for Information panel h

horizontal resolution than is possible with the EQIRA
payload [3]-[4]. This would address the key troguesjic

The TTSS-FPI instrument concept employs
double-etalon FPI to achieve the necessary highitrésn
(0.068 cni), narrow-band infrared emission measurements
within  the strong 9.6-micron ozone band. This
implementation requires a single-order transmissimction,
rather than the periodic nature of the standardyF&brot

instrument bandpass (which can be advantageous when

%bservation of periodic spectra is desired). Thigdhieved
recommended technology development to achieve high?sing additiongl P )

optical elements (specifically, law
resolution etalon, LRE, a high resolution etaloRE] and an
ultra-narrow bandpass filter all arranged in a eseri

ozone process-related questions that are expextednin in - configuration) to reduce the effect of unwantedspasds,
the post-AURA time period. improve sideband rejection, and extend the effecfiee
Earlier NASA-sponsored research [5] has shown #hatspectral range. Larar et al. [6] describe suclistesn for a
tropospheric ozone measurement capability can heved cross-track spatially scanning non-imaging  instrime
using a satellite-based nadir-viewing device makiigh configuration.  The system being advanced herein

spectral resolution measurements with high sigmaleise
ratios, and that a Fabry-Perot interferometer (RfIjjuite
suitable for this task. Implementation in the &méd portion
of the spectrum utilizes the strong 9.6 micron @&band and
yields continuous day/night coverage independensaér
zenith angle. Using an FPI affords high opticabtiyhput
while operating at high spectral resolution, and agroven
success record in previous applications. The sanfeblogy
being advanced for TTSS-FPI is applicable to meamants
of other trace species, and could greatly simptityper

atmospheric chemistry sensor designs (which tyiyical

require spectral resolutions in the range of 0.@1-cm-1)
by implementing this approach for spectral bandagiirang

the highest spectral resolution in those applicatiand thus
simplify overall design complexity

A. Measurement Concept

incorporates an advanced focal plane array (FP#Ectte to
perform spatial imaging, and spectral tuning isoagglished
through precise mechanical scanning of etalon pigtes;
Larar et al. [7] describe such a system for geiostaty
implementation.

C. Enabling Subsystems & Technologies

The instrument system is an
interferometer (FPI) based on a tunable doubleometal
designed to collect high resolution (resolving powe 5000)
spectra of the Earth/atmosphere in the 9.6 micamme band
over an infrared FPA. Spectral information is doceph by
taking a series of images at different FPI platpasation
distances. As the FPI is scanned, each pixel messa
signal that represents the convolution of the imagnt
transfer function with the spectrum incident att tipixel

Molecular collisions during the absorption/emissioniocation. For each plate separation setting, sliiffierences

process give rise to collisional or pressure broadg and
the corresponding profile function can be represirity the
Lorentz line shape. The Lorentz half-width is prdgjomal to
pressure and is approximately inversely proportidoahe
square root of temperature. The other significaatmanism
for broadening in the terrestrial atmosphere is [ep
broadening, which originates from a Doppler shift the
frequency of radiation associated with

absorption/emission feature due to thermal motiérnthe
radiating molecules. Unlike the Lorentzian half-thidthe
Doppler half-width does not have a pressure deperedand
therefore its change with altitude is due to terapee alone.
The Voigt profile is formed from the convolution ofvo
independent broadening formulas (i.e.,

th

in effective center wavelength occur as a functidrexact
pixel location, because the surfaces of equal ptdfsrence
are curved, not flat like the focal plane arrayhu3 the FPI
needs to be scanned beyond the spectral rangeraedor
center pixel to ensure all spatial elements in these-
dimensional spatial-spectral data set have compgletetral
coverage. To enable the spectrally tunable imadif

Cmeasurement technique for TTSS-FPI, for achieviigi-h

resolution over narrow spectral ranges, three @bl
technologies have been demonstrated within NASA |
precision control of etalon plates to demonstrateueate
spectral tuning and parallelism control of the LRf HRE;

Lorentziand a Nigh-sensitivity two-dimensional infrared detectmrays to

imaging Fabry-Perot



demonstrate the required SNR and imaging configurat
and spectral and radiometric calibration, to derrates
spectral registration and absolute intensity figtéh radiance
measurements.

D. 1P Implementation Approach

The next logical step in advancing and validatitgs t
measurement  technique is performing

optimized. While the entire system-level instrumen
integration has been performed, it was done priynas a fit-
check for components and assemblies as well as for
verification of system-level logistics. More woik needed

on the etalon assembly gap adjustment unit to enabl
cryogenic adjustment of initial alignment after Edown,
since the first set of motors did not have suffitieorque.
Complete system-level optimization and performance

atmospherigharacterization awaits modification of the etalssembly

measurements from a more realistic configuratior. (i gap adjustment unit, and is currently underway.aivehile,

making nadir-viewing emission observations). Thisuld
address several critical operational challengescéa®d with
this measurement; most importantly, signal impacmf
background (surface) variability of temperature,issinity,
and topography. Within
demonstrated an integrated instrument

laboratory testing to provide technique
demonstration of enabling components within angrated
system, and the utility of the imaging techniq&ubsequent
atmospheric test flights will be a crucial risk-igiting

activity for the eventual spaceflight instrument \mlidating
enabling technologies and providing additional roeasient
concept verification, along with evaluating FPA dffexge

format tradeoffs, and autonomous operation, alihfieo more
relevant environment than possible from the grouriRe-
baseline of the TTSS-FPI program became necessaiygd
August, 2004 to bring satisfaction of technical emives
within closer reach; specifically, this was achivéy

eliminating the airborne flight demonstration tdsém the
TTSS-FPI 1IP program plan. Alternatively, the praxg plan
was modified to perform more extensive lab-basestirng
and characterization at system-level (spectraltiapa&

radiometric) to still satisfy the program technicdijectives
of demonstrating an imaging Fabry-Perot interferieme
spectral tuning, spatial imaging, and radiometrics@ectral
calibration, independent of a flight opportunitin addition,

other field demonstration opportunities are beingsped
now that the IIP tasks have been completed. Tukides
maintaining readiness for a future piggyback fligbt

opportunity, as well as to consider possible grebased,

system

extensive characterization testing has been peefdrim both
the ambient bench and cryogenic dewar environments.
Subsystem-level characterization performed in thebiant
bench environment served to demonstrate and clart

IIP we have developed andtalon control and spectral tuning, and etalon tspec
frorasponse using blackbody, laser, and solar targefdear
validationsystem-level testing and characterization perforriredhe

cryogenic dewar environment demonstrated key ategfor
this imaging FPI including, for example, spatialaiging,
radiometric response, and spectral tuning at tlae sgstem-
level (i.e. containing the HRE in the etalon asdginbsing
blackbody, laser, solar, and miscellaneous laketarg

Spatial imaging fidelity has been demonstrated ha t
cryogenic dewar environment by FPA-inferred spadiaks
matching known-target dimensions. Such performance
demonstrations were performed during both sun-laak
hallway lab target tests. Radiometric calibration
methodology fidelity has been demonstrated in tiyegenic
dewar environment by using cold, thermally-stableAF
measurements of known target temperatures to show
radiometric calibration transforms measurementsxjpected
scene temperatures with greatly reduced pixel-nagizover
uniform scenes. Such performance demonstration® we
performed during both calibration target and hajiwab
target tests. Spectral tuning fidelity has beemalgstrated in
the ambient lab and cryogenic dewar environmentbdigg
able to precisely repeat desired spectral measumtsmea
etalon gap control. Such performance demonstmtwere
performed during bench-level sun-look and capacéan
repeatability tests and dewar-based PZT scan tebtgese

high-altitude deployments which could provide nearresults are discussed in detail within the Labayaficesting

simultaneous viewing of a polluted/clean atmosphend,
possibly, a water/land coastline interface. Tlpraach was
not intended to replace a flight opportunity bather, enable
an additional demonstration path independent ofiepto
external constraints. The TTSS-FPI program plasisien
still included the task of performing a spaceflighgnsor
concept study wusing the best -characterization
performance data available at the time, with theennto
infuse field-phase data as they are obtained.

Ill. System Development Status

anéry significant demonstration

and Data Analysis section of the TTSS-FPI FinaldRe[8].

[ll. Laboratory Testing & Key Demonstration Results

During the last phase of the TTSS-FPI IIP prograome
results were achieve
Specifically, spectral-tuning-induced fringes wearcorded
which demonstrated achievement of an imaging Fil,the
repeatability of capacitance-based measurementse wer
realized which demonstrated the desired spectdsgliffy
feature for this instrument system. Achieving ggnic
motor control for the etalon gap adjustment unihicl is

The TTSS-FPI instrument system-level integratiors haheeded for initial etalon alignment and for placameithin

been performed but, as of this writing, not comgdiet

the capacitance control range, will occur in thestptP



activities currently ongoing. Such motor contridre with
view of an “extended source” will yield the morerfiéiar and
desired fringe pattern characteristics. Subsetyette
capacitance repeatability characteristic will beleited to
obtain spectral calibration for aligned etalon fioss
throughout the spectral scan range. As mentioade the

elliptical Gaussian shapes were needed to besthnthie
measurements; this is because of a known issuenafé
stretching and ghosting resulting from the dewardeiv not
being properly Anti-Reflection (AR) coated (as sfied, but
not procured). Nonetheless, the results are dguipeessive.
The goal here is to see how accurately the sasrdlameter

instrument system fidelity for spatial imaging, i@adetric can be inferred from system images. The “truth23:48
calibration methodology, and spectral tuning hasenbe pixels is calculated based upon Earth-sun distasular disk
demonstrated in the ambient lab and cryogenic déssting diameter, and instrument field-of-view specificaso The
program. This subsystem- and pseudo-system-léeelw/ mean of all measurements (from tests on 8/17/05
HRE) in dewar testing has demonstrated severalegroj 9/14/05) is a sun diameter of 23.18 pixels, or 3% below
enabling technical objectives: Etalon control &espal “truth.” The results change with atmospheric dtods
fidelity at room and cryogenic temperatures, enaging (e.g. cirrus) along the optical path, and we knownes
radiometric calibration with FPA temperatures atl &elow measurements contain significant contamination;
77K, imaging fidelity at nominal system cryogenicexample, some of these tests were performed dappgrent
temperatures and, most importantly, an imaging iRPthe “clear holes” on the day hurricane Ophelia was aagiing
dewar cryogenic environment. LaRC. Correspondingly, considering the subset gfotl”
Least Squares Quadratic Fitting of Calibration tests yields a sun diameter of 2_3._475 pixels, 00:02%
Data: FPA @ 77K below “truth” (with a standard deviation of +/- Q%).

and

for

e Elliptical Gaussian Modeling of
" Sun-look Test Data (091405)

Mean of “good™ tests= 23475 (0.02%);
stdev = 4-0.41%

E76.1637%

o/p~+ 15 %

eeopes _ mamen coisome

-

“trulh” = 23.48 pixels
Mean all obs=23.18 {-1.3%)

o/p~0.5%

Figure 1. Radiometric calibration approach @i 19
applied to test data
Figure 1 illustrates the impact of applying caltiva
equations derived for each of the 25,600 detedi@mpto an
independent 40 C blackbody scene. The image a  Cemmi—gr79 Centroid = (117,76) Centroid = (126,76)
histogram at left show the original as-measurechtOECENE T qow, s 1ts e = I e
variance and on the right shows the correspondinguzts
after application of pixel calibrations. Two sificant Figure 2. Spatial imaging performance

observations are immediately obvious: 1) the seem@nce demonstrated with sur-look test data

drastically decreased from a standard deviatioméan ratio

of 15 % to 0.5 % after application of calibratioguations; Figure 3 shows a comparison of radiance reachimg an

and 2) the calibrated scene has a mean of 39.94itlC wthrough the sensor from simulation versus effective

standard deviation of 0.21 C. This result demabsyr Measurements from the FTIR/HRE sunlook observations

excellent radiometric calibration potential of théystem, The HRE “effective measurements” are formed by

especially after considering that such performaniteonly — numerically integrating the FTIR observations asrdke

improve for colder (i.e. more optimal) FPA temparas. HRE bandpass as the etalon is spectrally-tuned.e Th
Sunlook tests were done during the August-Septemb@&greement between measurement and simulation skown

2005 timeframe with the FPA cooled to ~ 38 K inside IR Figure 3 is excellent considering the uncertainty i

Labs instrument dewar. Figure 2 summarizes theltses atmospheric state and exact etalon spectral posiaduring

showing sample images from tests performed on %14/ the PZT voltage scan.

The top row images correspond to actual measuredesc

whereas the bottom row was created with simulatitas

best match the measured scenes in an RSS sensatedro
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Figure 3. Spectra comparison for HRE sunlook test.

As mentioned earlier in this manuscript, there arew
outstanding technical issues needing resolutionsfmtem
completion and to further optimize this instrumpnttotype.
Regarding spectral tuning, motors of sufficientqter are
needed to work in the dewar environment for repsitg
etalon plates after cryogenically-induced alignme
displacements, and autonomous
capacitance feedback loop is also desired. Forawipgy
spatial imaging and radiometric fidelity, strayhigeduction
will be pursued; most importantly, the dewar windaill be

been described.

Also, the approach followed for

development and demonstration of this instrumerstesy
within NASA'’s Instrument Incubator Program alonghwkey
technical demonstration results have been discussed

[1]

(2]

3]

[4]

[5]

e

implementation of the

[7]

replaced with one that is AR-coated per the origina

specifications. Additional baffling/optical elentsror tilting,
as needed, will also be investigated to minimiz@dot of
undesired-reflections-induced spatial/spectral  qHca
energy. Subsequent to these h/w enhancementasiaxddab
testing/characterization will be repeated,
deployment(s) and aircraft implementation will berqued.
In parallel, infusion into programs internal andegral to
NASA will be investigated.

. Summary

Tropospheric o0zone
identified in the NASA Science Mission Directord@&WViD)
Strategic Enterprise and Science Research Plate FPI
system (TTSS-FPI) described herein has demonsteateziv
measurement capability intended for “direct” getistery
Earth orbit (GEO)-based observation of tropospherone.
The concept exploits spatial and temporal benefitainable
from a GEO-based imaging system, for example, rodng
of regional pollution episodes. The instrumentcapt and
technologies are also applicable to measuremenbtiodr
important atmospheric trace species.
justification for pursuing this capability along tivi the
concepts behind the measurement and instrumentative

and dfiel 8]

is a high-priority measurement

The science
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